mineral density (BMD) [4] . In randomized studies in HIVinfected people, initiation of antiretroviral therapy (ART) is associated with loss of BMD, with greater decreases observed with regimens containing TDF [5] [6] [7] [8] [9] , and bone loss occurs when TDF replaces another drug in the regimen [10] [11] [12] [13] [14] . Thus, bone loss has emerged as a safety concern for PrEP containing TDF.
In other PrEP studies performed in HIV-seronegative men who have sex with men (MSM) in San Francisco [15] and heterosexual men and women in Botswana [16] , TDF or FTC/TDF was associated with modest but statistically significant losses of BMD. In the current study, we measured changes in BMD both during and after randomized treatment with FTC/TDF in a large and diverse group of MSM and transgender women (TGW) enrolled in a multinational trial of PrEP. We also explored the quantitative relationship between bone loss and drug exposure.
METHODS

Study Design
Dual-energy X-ray absorptiometry (DXA) scans were performed in a subset of participants enrolled in the Preexposure Prophylaxis Initiative (iPrEx) study, in which HIV-seronegative MSM/ TGW were randomized to receive either FTC/TDF or placebo [1] . The only additional eligibility criteria for the DXA substudy were weight <120 kg and no use of oral or inhaled glucocorticoids. Enrollment was offered to all eligible iPrEx participants in Chiang Mai, Thailand; San Francisco, California; and Cape Town, South Africa; and to participants in Lima, Peru and Rio de Janeiro, Brazil who enrolled in iPrEx after DXA scanning became available at those sites. Substudy participants reviewed and signed a separate consent form. DXA scanning began in July 2008. Enrollment in iPrEx ended in December 2009, and randomized treatment ended in August 2010.
DXA Scanning
Scans of the lumbar spine (L1-L4) and left hip were performed at baseline (within 1 week of enrollment) and 24-week intervals during randomized treatment. At treatment discontinuation visits, DXA scanning was performed for participants who had not had a scan in the previous 8 weeks ("stop" scan). A followup DXA scan was scheduled 24 weeks after discontinuation of study medication ("poststop").
Participants in San Francisco and Rio de Janeiro were scanned on Lunar Prodigy (Madison, Wisconsin) instruments; those in Cape Town and Chiang Mai were scanned on Hologic Discovery (Waltham, Massachusetts) devices, and those in Lima were scanned on a Hologic Explorer. All sites followed manufacturer-recommended calibration and maintenance procedures. A study-specific spine phantom was circulated for scanning at all sites. Each site's calibration and maintenance records were reviewed to assure consistency throughout the study. Scans were analyzed locally following a standardized protocol and reviewed centrally. With very few exceptions, all scans were analyzed by the same person at each DXA facility. BMD results were categorized using classification systems put forth by the International Society for Clinical Densitometry (ISCD) [17] , which defines a z score ≤ −2.0 as "below the expected range for age," and the World Health Organization (WHO) [18] , which defines low BMD or osteopenia as a t score < −1.0 but > −2.5, and osteoporosis as a t score ≤ −2.5.
Other Data
Participants provided information on exercise and other factors associated with bone health by questionnaire. Data on use of hormones, dietary supplements, and recreational drugs, as well as gender identification, came from the parent study. Information on fractures in the entire iPrEx cohort during the full course of randomized treatment was obtained from adverse event reports.
Plasma and Intracellular Tenofovir and Emtricitabine Measurements
In all DXA substudy participants assigned to FTC/TDF, tenofovir (TFV) and FTC concentrations at weeks 24, 48, and 72 were measured in stored plasma. Intracellular TFV diphosphate (TFV-DP) concentrations at week 24 were measured in viably cryopreserved peripheral blood mononuclear cells [1, 19] .
Data Analysis
Target enrollment in the DXA substudy was 500, which we estimated would provide 99% power to detect a treatment difference in change in BMD of 0.4% with a standard deviation (SD) of 1%, assuming a 10% dropout rate. Baseline data are mean ± SD. The primary analysis compared groups by randomized assignment. Baseline characteristics were compared by an unequal-variance t test for continuous variables and the Fisher exact test for categorical variables. The Fisher exact test was also used to compare categorical variables during follow-up (eg, percentage with ≥5% bone loss). Baseline BMD z scores were compared to their expected distribution by a 1-sample t test.
Percentage of change in BMD was calculated relative to baseline. Changes in BMD in randomized assignment and groups defined by drug detection during treatment and after discontinuation are reported as mean ± standard error. Net differences ( percentage of change in FTC/TDF minus percentage of change in placebo) are reported as mean (95% confidence interval [CI] ). The average change by time-point with treatment and drug detection was fit using a normal mixed-effects model [20] fit by maximum likelihood allowing for treatment by week interaction and an unstructured covariance. The association between TFV-DP levels and change in BMD at week 24 was FTC/TDF and Bone Mineral Density • CID 2015:61 (15 August) • 573 explored using cubic splines for TFV-DP level by linear regression. "Poststop" analysis (after discontinuation of study medication) compared the difference between randomized groups from baseline and the "stop" to the "poststop" scans using a t test with unequal variances. Results in seroconverters were censored beginning at the first visit with laboratory evidence of HIV infection. Hip data were excluded for 2 participants (both FTC/TDF) because hip implants compromised image quality. In 21 participants (11 FTC/TDF, 10 placebo), the right hip was inadvertently scanned at baseline; in these cases the right hip was to be scanned at all subsequent visits. All P values are 2-sided.
RESULTS
Baseline Characteristics
Of the 2499 individuals who enrolled in the parent study, 503 enrolled in the DXA substudy. Data in 5 participants were subsequently excluded when retrospective analysis of HIV RNA revealed that they were HIV-infected at enrollment. Thus, the total analyzed population numbered 498 (247 FTC/TDF, 251 placebo). There were no statistically significant differences between randomized groups in demographic, anthropometric, or lifestyle characteristics, use of medications that affect BMD, the proportion who self-identified as transgender, or BMD in the spine or hip (Table 1) . Approximately half of participants were aged <25 years. Three percent reported use of hormonal products containing estrogen and/or a progestational agent or androgen suppressor. Use of these agents was stable through the study.
At baseline, average z and t scores for BMD were below zero for both the spine and hip (Table 1) . When the distributions of baseline z scores were compared to the expected normal distribution around a mean of zero, they were statistically significantly shifted to the left (mean difference, −0.59 ± 1.2 [P < .001] for spine and −0.12 ± 1.0 [P = .011] for hip; Supplementary Figure 1 ). Using ISCD criteria [17] , low BMD was seen in the spine and hip in 12% and 2% of participants, respectively. Using WHO cutpoints [18] , 32% and 16% of participants had BMD t scores < −1.0 to > −2.5 in the spine and hip, respectively; and 5% and <1% had t scores ≤ −2.5 in the spine and hip, respectively. For subsequent analyses we report z scores, in accordance with the ISCD position that z scores are preferable to t scores in men aged <50 years [17] . Use of t scores produced similar results.
Changes in BMD During Randomized Treatment
In the intent-to-treat analysis, spine BMD decreased in the FTC/TDF group after 24 weeks, with smaller further decreases to week 96 ( Figure 1A1 ). No decreases were observed with placebo. Net differences were modest but consistently below zero, indicating greater BMD loss in the FTC/TDF group (week 24: −0.91% [95% CI, −1.44% to −.38%], P = .001; week 48: −0.60% [95% CI, −1.23% to .03%], P = .064; week 72: −1.14% [95% CI, −1.91% to −.37%], P = .004; week 96: −1.00% [95% CI, −2.24% to .23%], P = .111; Figure 1B1 ). After week 24, further net changes averaged −0.12% [95% CI, −.36% to .12%] for each additional 24-week interval and were not statistically significant (P = .28). In the total hip, BMD initially decreased in the FTC/TDF group and subsequently rebounded toward baseline by week 72 (Figure 1A2) . Hip BMD tended to increase with placebo. Net treatment differences were modest but consistently below zero for FTC/TDF, with differences between groups statistically significant at weeks 24 and 48 (week 24: −0.61% [95% CI, −.96% to −.27%], P = .001; week 48: −0.92% [95% CI, −1.42% to −.41%], P < .001; week 72: −0.45% [95% CI, −1.11% to .21%], P = .176; week 96: −0.53% [95% CI, −1.42 to .37%], P = .246; Figure 1B2 ). After week 24, further net changes in hip BMD averaged −0.01% (95% CI, −.19% to .17%) for each additional 24 weeks (P = .92).
Comparison of the average slopes in the first 24 weeks to those after 24 weeks showed that the declines were significantly steeper in the initial 24 weeks (P = .02 for spine and P = .005 for hip), thus ruling out a constant decline over the follow-up period.
Categorical Analyses of BMD Results
There were no statistically significant differences between randomized groups in the percentage of participants who met ISCD criteria for low BMD for age at any time point (Supplementary Figure 2A) . A statistically significantly greater proportion of participants randomized to FTC/TDF had a spine BMD loss ≥5% at week 24 (8% vs 2% in FTC/TDF and placebo, respectively; P = .003, Supplementary Figure 2B) . Differences between groups were not statistically significant at any other time point. Analysis of changes in BMD by quartiles of baseline BMD z score demonstrated that participants who started in the lowermost quartile (Q1) did not experience greater BMD loss by 24 weeks than those in the uppermost quartile (Q4) in the hip (net treatment difference, −0.78% ± 0.34% in Q1 vs −0.79% ± 0.36% in Q4, P trend across quartiles = 0.87).There was a nonsignificant trend toward less loss of BMD in the spine in lower quartiles (−0.33% ± 0.53% in Q1 vs −1.31% ± 0.55% in Q4, P trend across quartiles = 0.17). 
Net Changes in BMD at and After Discontinuation of Randomized Treatment
The median duration of randomized treatment for DXA results was 61 weeks. Net differences from baseline to the "stop" scan showed modest but statistically significant decreases in BMD ( Table 2 ). The median interval between the "stop" and "poststop" scans was 24 weeks (range, 10-88 weeks). Spine BMD tended to increase in the FTC/TDF group after discontinuation of randomized treatment, while remaining unchanged with placebo. However, the difference between groups did not achieve a level of statistical significance. Hip BMD trended upward in both groups with minimal treatment difference. With regard to overall changes from baseline to the "poststop" scan, net treatment differences remained negative for FTC/TDF in both the spine and hip (Table 2) .
Changes in BMD in Relation to Drug Detection
At week 24, intracellular TFV-DP was detected in only 53% of substudy participants randomized to FTC/TDF. TFV-DP levels exhibited a statistically significant inverse relationship with changes Figure 2 . Association of changes in bone mineral density (BMD) at week 24 with intracellular tenofovir diphosphate (TFV-DP) levels measured at week 24. Among participants randomized to emtricitabine/tenofovir disoproxil fumarate (FTC/TDF) who had detectable TFV-DP levels, there was a significant inverse association across the full range of TFV-DP concentrations measured in both the spine and hip (A and B, respectively; P = .01 in both) using cubic spline to model the mean change in BMD by TFV-DP level. The figures display the 95% confidence interval and mean values for participants randomized to placebo (black symbols: spine, 0.34% ± 0.19%; hip, 0.30% ± 0.12%) and those randomized to FTC/TDF with TFV-DP below the limit of quantitation (BLQ; blue symbols: spine, −0.03% ± 0.30%; hip, −0.08% ± 0.19%). in BMD in both the spine and hip (P = .01; Figure 2 ). Exploration with cubic splines found a generally linear relationship with no evidence of a threshold effect. Among those with TFV-DP levels >16 (average, 43) fmol/10 6 peripheral blood mononuclear cells, which are indicative of consistent dosing [19] , changes in BMD averaged −1.42% ± 0.29% and −0.85% ± 0.19% in the spine and hip, respectively (P < .001 vs placebo both cases). In plasma, TFV or FTC was detected in 57%, 48%, and 53% of those randomized to FTC/TDF at weeks 24, 48, and 72, respectively. Decreases in BMD were statistically significant vs placebo in those with detectable drug levels at each time-point (Figure 3 ). Adjustment for demographic, anthropometric, and lifestyle factors listed in Table 1 did not affect the results of either the intent-to-treat or drug-based analyses.
Fractures
Among all 2499 participants in the parent study, there were 42 fractures in 38 participants, with no statistically significant differences between groups (1.7% FTC/TDF vs 1.4% placebo, P = .62). With the exception of 1 dental fracture 8 months after discontinuation of treatment, all fractures were judged to be trauma related. Eight participants with fractures were enrolled in the DXA substudy (5 FTC/TDF, 3 placebo). One had a baseline spine z score of −1.1. The z scores in spine and hip for all others with fractures were > −1.0. No participants who had fractures had BMD levels that met either ISCD criteria for low BMD or WHO criteria for osteoporosis at baseline or during the study.
DISCUSSION
We report a modest statistically significant loss of BMD in the spine and hip in the first 24 weeks in a multinational study of HIV-seronegative MSM/TGW randomized to receive FTC/TDF for HIV prevention. Among those randomized to FTC/TDF, the magnitude of BMD loss at week 24 was inversely proportional to intracellular levels of TFV-DP. At a median of 24 weeks after discontinuation of randomized treatment, there was a nonsignificant trend to a rebound in BMD in the spine. Studies in ART-naive HIV-infected adults have typically shown statistically significant decreases in BMD over the first 6-12 months after ART initiation that average between 4% and 6% [5] [6] [7] 21] and subsequently appear to stabilize or partially reverse [5, 6, 22, 23] . To address the possibility that the apparently lesser effect of randomization to FTC/TDF for PrEP compared with combination ART for HIV may be attributed to variable adherence and reduced drug exposure, we examined changes in BMD in the context of plasma and intracellular drug levels. This analysis also allowed us to further quantify the effect of exposure to FTC/TDF. In the first 24 weeks, the period of most rapid decline in BMD, bone loss in the spine averaged −1.42% among those with intracellular TFV-DP levels indicative of consistent dosing [19] . This value is similar to the calculated differences in bone loss between regimens containing TDF and those that do not contain TDF in randomized ART initiation studies in HIV-infected individuals [5] [6] [7] . The relationship Figure 3 . Changes from baseline in bone mineral density (BMD) through week 72 during randomized treatment, based on detection of drug in plasma at each time-point. In plasma, tenofovir (TFV) or emtricitabine (FTC) was detected in 57%, 48%, and 53% of those randomized to FTC/tenofovir disoproxil fumarate (TDF) at weeks 24, 48, and 72, respectively. Decreases in BMD in the spine (A) and hip (B) were statistically significant vs placebo in the groups with detectable drug levels at each time-point (for drug detection vs placebo: ***P < .001; **P < .01; *P < .05). between TFV-DP levels and loss of BMD was linear over the entire range of intracellular drug levels, thus providing no evidence of a threshold effect in the range of concentrations observed. Bone loss among highly adherent PrEP users was still less than that observed after starting combination ART for HIV infection [5] [6] [7] . Dose-reduction strategies, such as nondaily dosing, may mitigate this effect further.
The clinical significance of an average BMD loss of 1.42% (spine) or 0.85% (hip) in healthy young and middle-aged persons is not known [24] . In secondary analyses to further probe risk of bone loss, we focused on participants who might be considered to be at greatest risk-those whose BMD was low at baseline or who experienced ≥5% BMD loss during treatment. The proportion of participants with z scores ≤ −2.0 did not differ between groups at any time-point. In addition, we saw no evidence that individuals with low BMD z scores at baseline were at greater risk for bone loss during treatment.
There was no statistically significant difference between groups in fracture rates in the current study or the aforementioned trials of oral TDF or FTC/TDF PrEP [3, 15] . However, the relatively short duration of follow-up and young age of most participants made it unlikely that we would see such differences. Reports of fractures in retrospective examination of large databases of HIV-infected patients have shown variable results. Although some studies have reported that TDF is associated with increased fracture risk [25] [26] [27] , others have found decreased risk [28] or no association [29] with TDF. To date, the randomized treatment studies using TDF that have reported fracture rates in HIVinfected individuals have shown no difference based on assigned regimen, despite greater BMD loss with TDF [5, 7] .
A higher-than-expected proportion of participants had evidence of low BMD at baseline, consistent with reports from other studies in seronegative MSM [15, 30, 31] . The t or z scores in all of these studies were based on normative data collected in healthy young men and, thus, we would expect average scores among seronegative men to be closer to zero. Although it is possible that the normative data do not accurately represent the current distribution of BMD among healthy young men, we also note that these same standards are used in multiple reports of a high prevalence of low BMD among HIV-infected men [32] [33] [34] [35] [36] . We saw no evidence that those with low BMD z scores at baseline were at greater risk for bone loss with FTC/TDF or bone fracture during the study, but we cannot exclude the possibility that the group with low BMD at baseline may be at greater risk for fragility fractures later in life, or that extended use of PrEP with FTC/TDF may exacerbate that risk.
The current study has several strengths, including a randomized placebo-controlled design and, for the first time, use of drug concentrations to characterize the relationship between drug exposure and BMD loss. Inclusion of a diverse international population of MSM/TGW no doubt introduced some variability, but nonetheless we were able to detect statistically significant changes between randomized groups. A longer period of follow-up is required to assess changes in BMD following discontinuation of study medication and determine whether full recovery can occur and to evaluate the effects of intermittent PrEP.
The results of the current study provide no reason to modify the Centers for Disease Control and Prevention's recommendation that routine DXA monitoring during FTC/TDF for PrEP is not warranted unless there are additional risk factors for fracture [37] . Nonetheless, given the high prevalence of low BMD z scores in men in this and other studies [15, 30, 31] , those beginning PrEP should be counseled on factors important for bone health, including limiting use of alcohol and tobacco, increasing weight-bearing exercise, and assuring adequate dietary intake of calcium and vitamin D [38] .
In summary, we found small but statistically significant decreases in BMD in the hip and spine in a multinational study of seronegative MSM/TGW randomized to FTC/TDF for HIV prevention. We report for the first time a quantitative relationship between bone loss and intracellular TFV-DP after 24 weeks of treatment. Bone loss in the spine tended to reverse, albeit not completely, after discontinuation of treatment. These results demonstrate an effect of FTC/TDF that is independent of HIV infection or other ART. The relatively small bone loss associated with FTC/TDF PrEP is offset by the prevention of HIV infection, which requires combination ART that is associated with relatively greater loss of BMD.
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